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Upon antigen recognition, T cells form either static
(synapses) ormigratory (kinapses) contactswith anti-
gen-presenting cells. Addressing whether synapses
and kinapses result in distinct T cell receptor (TCR)
signals hasbeenhamperedby the inability to simulta-
neously assess T cell phenotype and behavior. Here,
we introduced dynamic in situ cytometry (DISC),
a combination of intravital multiphoton imaging and
flow cytometry-like phenotypic analysis. Taking
advantage of CD62L shedding as a marker of early
TCR signaling, we examined how T cells sense TCR
ligands of varying affinities in vivo. We uncovered
three modes of antigen recognition: synapses with
the strongest TCR signals, kinapses with robust
signaling, and kinapses with weak signaling. As illus-
trated here, the DISC approach should provide
unique opportunities to link immune cell behavior to
phenotype and function in vivo.
INTRODUCTION
T cell immunity relies on the capacity of the T cell receptor (TCR)
to interact with specific peptide-major histocompatibility
complexes (pMHC) on antigen-presenting cells (APCs). The
binding parameters of the TCR-pMHC, measured in solution
(Alam et al., 1996; Lyons et al., 1996) or more recently in two
dimensions (Huang et al., 2010; Huppa et al., 2010), can
profoundly impact T cell activation in vitro (Aleksic et al., 2010;
Chen et al., 2010; Corse et al., 2011; McKeithan, 1995; Rosette
et al., 2001) and influence the kinetics, survival, magnitude,
and TCR repertoire of T cell responses in vivo (Malherbe et al.,
2004; Wensveen et al., 2010; Zehn et al., 2009). However, we
lack mechanistic insight into how T cells respond in vivo when
engaging ligands of differing affinities. In secondary lymphoid
organs, T cell encounters with antigen-bearing dendritic cells
can result either in hour-long interactions or in transient anddynamic contacts lasting no more than a few minutes (Bousso,
2008; Gunzer et al., 2000; Mempel et al., 2004; Miller et al.,
2004), with their contact zone termed synapse or kinapse,
respectively (Dustin, 2008). In this context, whether the quality
of TCR ligand acts primarily to influence T cell-APC contact
stability, the amount of TCR signals perceived by T cells, or
both, has not been resolved. Another unresolved issue iswhether
kinapses are associated with productive TCR signaling in vivo.
Indirect evidence suggests that it may be the case. In some
studies, activation markers have been detected on T cells at
a time when kinapses are the dominant type of interaction
(Mempel et al., 2004). Because thesemarkers are seen only after
several hours, it is nevertheless difficult to establish the contribu-
tion of a single interaction on T cell activation. In vivo imaging also
reveals that kinapses can lead to TCR internalization (Friedman
et al., 2010). This is indicative of TCR engagement although it
does not predict the amount of associated signaling. Thus,
whether early TCR signaling differs during kinapses and
synapses represents a critical and unanswered question.
Addressing this issue is complicated by the lack of tools to track
TCR signaling in real-time despite the tremendous progress
made in intravital imaging of immune responses (Cahalan and
Parker, 2008).
Here, we introduce a methodology to link immune cell
behavior to cell phenotype in vivo in order to address two impor-
tant questions: (1) how pMHC affinity influences kinapse versus
synapse formation and (2) how efficiently T cells collect activa-
tion signals during these distinct cellular modes of antigen
recognition.RESULTS
TCR-pMHC Affinity Regulates T Cell Motility during
Antigen Recognition
In order to analyze how TCR-pMHC affinity influences T cell
dynamics and signaling in vivo, we relied on the well-character-
ized OT-I TCR and three ovalbumin (OVA) variant peptides
harboring single amino acid differences (N4, Q4, and V4) that
were previously shown to exhibit differing stimulatory potencies
(Zehn et al., 2009). To more directly relate the distinct potenciesImmunity 37, 351–363, August 24, 2012 ª2012 Elsevier Inc. 351
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Figure 1. A Set of pMHC with Different Binding Parameters for the OT-I TCR
(A) Distinct binding affinities to OT-I TCR for OVA variant pMHC tetramers. Splenic OT-I T cells were stained with titrated concentrations of APC-conjugated
Kb-V4, Kb-Q4, or Kb-N4 tetramers and analyzed by flow cytometry.
(B) OT-I T cells were stained with saturating concentrations of APC-labeled pMHC tetramers. Tetramer dissociation was performed at room temperature in the
presence of Kb-OVA mAb to prevent tetramer rebinding.
(C) N4, Q4, and V4 peptides bind equally well to Kb. The graph shows the amount of stabilized Kb molecule on RMA-S cells incubated with the indicated
concentration of variant peptides.
(D–F) OVA variant peptides induce qualitatively different responses of OT-I T cells in vivo. CFSE-labeled OT-I T cells were adoptively transferred in recipient mice
that were injected with poly(I:C) 4 hr before. After 2 hr, the indicated peptide was injected i.v. CD69 expression (D) was assessed on day 1, CD25 expression (E) on
day 2, and proliferation (F) on day 3.
See also Figure S1.
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T Cell Sensing of Antigen Measured by DISCto TCR-pMHC binding parameters, we generated recombinant
pMHC tetramers for the three antigenic peptides and showed
that these ligands exhibited different binding affinities and disso-
ciation rates to the OT-I TCR (Figures 1A and 1B). The nominal
complex Kb-N4 had the highest affinity and slowest dissociation
rate, Kb-V4 had the lowest affinity and fastest dissociation
rate, and Kb-Q4 exhibited intermediate values. In addition, all
peptides bound equally well to the class I molecule Kb (Fig-
ure 1C). Injection of these peptides at three different doses
revealed distinct in vivo T cell responses (Figure S1 available
online). In subsequent experiments, we injected 50 mg of
peptide, a dose that induced T cell proliferation, even for the
low-affinity peptide V4. At this dose, all three peptides induced
OT-I T cell activation in vivo as measured by CD69 upregulation,
but T cell proliferation and expression of the high-affinity IL-2
receptor (CD25) increased with the affinity of the TCR ligand
(Figures 1D–1F), confirming that these three TCR ligands induce
qualitatively distinct activation programs.
High antigen dose (Bousso and Robey, 2003; Henrickson
et al., 2008) and ligand activation potencies (Skokos et al.,
2007) have been shown to correlate with increased T cell-APC
contact stability upon antigen recognition. To assess whether
TCR ligand affinity also regulates T cell dynamics, we analyzed352 Immunity 37, 351–363, August 24, 2012 ª2012 Elsevier Inc.the migration of OT-I T cells in microchannels (Faure-Andre´
et al., 2008; Jacobelli et al., 2010) coated either with recombinant
Kb-N4, Kb-Q4, or Kb-V4 complexes or an irrelevant antigenic
complex Kb-TRP2. As shown in Movie S1, this approach offered
the opportunity to measure the effect of TCR recognition in
a confined environment that promotes migration (as with in vivo
but not in vitro conditions). In the absence of cognate ligand,
T cells migrated rapidly through the microchannels. Whereas
recognition of the high-affinity ligand N4 induced an almost
complete T cell arrest, Q4 and V4 induced only partial decelera-
tion (as compared to the control TRP2) with the lowest effect
observed with the lowest-affinity ligand (V4) (Figures 2A and
2B; Movie S2). Furthermore, T cell migration in the microchan-
nels was less constrained in the presence of low-affinity ligands
(Figure 2C). These results suggested the existence of a multi-
plicity of modes of antigen recognition whereby TCR-pMHC
affinity controls T cell velocity during TCR engagement. We
confirmed this finding in vivo by imaging OT-I T cells in the
spleen of recipient mice injected with poly(I:C) and peptide. As
shown in Figures 2D–2F and Movie S3, N4 peptide induced
complete arrest and strong confinement of most T cells (mean
velocity < 2.5 mm/min), whereas Q4 and V4 peptides resulted
in only partial T cell deceleration (mean velocity 2.5–5 mm/min)
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Figure 2. TCR-pMHC Affinity Controls T Cell Motility during Antigen Recognition
(A–C) TCR-pMHC affinity controls T cell motility during antigen recognition in a confined environment.
(A) The migration of preactivated GFP+ OT-I T cells was analyzed in 6 mmwide microchannels coated with pMHC complexes. Sequential images acquired 4 min
apart are shown for the indicated pMHC complexes. Scale bar represents 50 mm.
(B) Mean velocities of OT-I T cells migrating in microchannels coated with the indicated pMHC complexes.
(C) T cells with constrained migration (defined by a straightness value strictly inferior to 1) were quantified for the indicated antigenic complexes. Data are
representative of at least three independent experiments.
(D–G) Only the high-affinity TCR ligand induces complete T cell arrest in vivo. Recipient mice were adoptively transferred with CFSE-labeled OT-I T cells and
injected with poly(I:C) and 6 hr later with 50 mg of the indicated peptide. Intravital imaging was started immediately after peptide injection.
(D) Representative tracks of T cells.
(E and F) Mean velocities (E) and straightness indexes (F) are graphed for individual T cells tracked during their presence in the imaging volume (duration of
imaging 30 min). ***p < 0.0001, **p < 0.005, *p < 0.05.
(G) Distributions of T cells with synapse-like and kinapse-like behavior in response to the indicated peptide. T cells were considered forming synapses when their
mean velocity was below 2.5 mm/min and forming kinapses when their mean velocity was between 2.5 and 5 mm/min.
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T Cell Sensing of Antigen Measured by DISCof themajority of OT-I T cells, a behavior reminiscent of migratory
contacts or kinapses (Azar et al., 2010; Gunzer et al., 2000; Sims
et al., 2007). We thus defined T cells exhibiting synapse-like or
kinapse-like behavior according to their mean velocities during
antigen recognition. Kinapses and synapses as defined by this
simple criterium also exhibit distinct confinement (p < 0.001).
As shown in Figure 2G, synapses were dominant in response
to N4 peptide whereas kinapses were prevailing in response to
Q4 and V4 peptides. Of note, the deceleration induced by Q4
and V4 peptides was maintained during the duration of imaging,
suggesting that kinapse-forming T cells continuously recognized
the antigen, presumably engaging different cells while moving.
DISC: A Methodology to Track Immune Cell Dynamics
and Phenotype In Vivo
To determine the intensity of TCR signaling received during
these distinct modes of antigen recognition, we sought to image
T cell dynamics in conjunction with early phenotypic changes.
Although two-photon imaging offers the opportunity to collect
information on single-cell behavior in vivo, flow cytometric anal-
ysis remains the technique of choice to monitor immune cell
phenotype. To combine the advantage of both approaches, we
introduced dynamic in situ cytometry (DISC) (Figures 3A and
3B). In brief, two-photon imaging of GFP-expressing cells was
performed after in vivo administration of fluorescently labeled
Fab fragments directed against one or several cell surface
molecules. Time-lapse movies were then subjected to cell
segmentation and 3D cell tracking to extract motility parameters
and intensity of Fab staining on individual cells at each time point
(Figure S2A; Movie S4). Data were converted into a flow cytom-
etry-like (FCS) file by the custom-designed DISCit software, thus
permitting analysis with standard flow cytometry software. This
strategy enabled multiparametric analyses of motility and
phenotypic parameters over time, while benefiting from the flex-
ibility of gating strategies and the robustness of flow cytometry
quantitation. Depending on the experiment, DISC can be per-
formed with instantaneous (each event corresponds to one cell
at one time point) or averaged (each event corresponds to one
cell track) values.
To validate our strategy, we first assessed several parameters
including Fab access to the cells of interest, staining specificity,
and possible side effects on motility introduced by Fab staining.
We adoptively transferred CD8+ T cells purified from GFP-ex-
pressing mice into B6 recipient mice that were injected intrave-
nously with CD8 Fab. We detected efficient and specific staining
in various organs including spleen, liver, and bone marrow as
measured by flow cytometry (Figures S2B and S2C). We then
applied DISC analysis after intravital imaging of the spleen. As
shown in Figures 3C, 4A, S3A, and S3B, CD8+ T cells, but not
CD4+ T cells, were specifically identified by the CD8 Fab and
their phenotype and migratory behavior could be tracked over
time. In addition, CD8+ T cells were not labeled by a control
CD45.1 Fab (Figures S3A and S3B). Fab fluorescence was
normalized to GFP intensity to minimize fluorescence cell-to-
cell variation resulting from variability in imaging depth. Normal-
ized Fab fluorescence specifically identified CD8+ T cells and
was stable over time (Figures 4A and 4B). Notably, we could
readily measure by DISC that CD8 Fab injection did not impact
T cell motility (Figure 4C). We also showed the ability to perform354 Immunity 37, 351–363, August 24, 2012 ª2012 Elsevier Inc.two-color DISC by using a combination of CD8 and B220 Fab to
identify T and B cells in the spleen (Figures 4D and S3D–S3F). Via
gating on T cell and B cell populations on DISC profiles, we
measured that T cells displayed higher velocities than B cells
(Figure 4D) as previously described in lymph nodes (Miller
et al., 2002). Gating strategies could also be applied to compare
T cell behaviors in different locations (Figure 4E). Finally, instan-
taneous and averaged DISC analyses performed on OT-I T cells
imaged in the spleen confirmed that T cells arrested and rounded
up in response to the N4 peptide (Figures 4F and 4G). Thus, the
DISCmethodology appears to be a valid and robust approach to
simultaneously track in vivo phenotype and behavior of single
cells and benefit from the power of flow cytometry-like analysis.
The Extent of CD62L Shedding Reflects the Strength
of TCR Signals
With the ability to follow T cell dynamics in conjunction with the
expression of cell surface molecules, we took advantage of
the rapid shedding of the surface molecule CD62L triggered by
themetalloprotease TACE (also termed ADAM17) within minutes
of TCR signaling (Kahn et al., 1998; Peschon et al., 1998; Sinclair
et al., 2008). In vitro, we detected shedding of CD62L on OT-I
T cells stimulated with N4 peptide, in a dose-dependent manner
(Figures 5A and 5B). Moreover, the extent of shedding increased
with the peptide affinity (Figure S4A) andwith the duration of TCR
stimulation (Figure 5C). To further confirm that CD62L shedding
is a valid and robust marker of TCR signaling, we compared it to
classical hallmarks of T cell activation including CD69 upregula-
tion and induction of the immediate early gene and transcription
factor c-fos. We found that CD62L shedding after activation
reflected the induction of both CD69 and c-fos (Figures 5D and
5E). Finally, to test whether the extent of CD62L shedding after
activation could predict a later activation event such as clonal
expansion, we sorted T cells based on their CD62L intensity after
a brief period of activation. As shown in Figure 5F, only T cells
that displayed the highest amounts of shedding after activation
proliferated extensively.
We next tested the ability to monitor CD62L shedding on
T cells prelabeled with fluorescent CD62LmAb or Fab fragments
after antigen stimulation. In both cases, loss of surface expres-
sion of CD62L in vitro could be detected by flow cytometry as
well as by imaging (Figures 5G and 5H). Importantly, staining
with CD62L Fab did not alter the capacity of T cells to respond
to Ag as measured by proliferation and interferon-g (IFN-g)
production 3 days later (Figure S4B). Thus, CD62L shedding
reflects the strength of TCR stimulation and can be tracked
over time by prelabeling T cells with CD62L mAb or Fab
fragments.
Comparing TCR Signaling in Synapses and Kinapses
by DISC
We applied this approach in vivo by using DISC to follow OT-I
T cells in the spleen during stimulation with antigenic peptides
and in the presence of fluorescent CD62LmAb or Fab fragments.
In vivo CD62L Fab staining was specific as measured ex vivo by
flow cytometry (Figure S5A). In addition, CD62L staining could
be detected on OT-I T cells by DISC (Figures S5B and S5C)
with no noticeable effect on T cell motility in the spleen (Fig-
ure S5D). Upon injection of N4 peptide, we observed immediate
AB
C
Figure 3. Principle of Dynamic In Situ Cytometry and Image Processing
(A and B) Principle of DISC methodology (see text for details).
(C) Image processing for DISC analyses. Recipient mice were transferred with purified GFP+ CD8+ T cells or CD4+ T cells, injected with CD8 Fab (or not), and
subjected to DISC in the spleen. Representative images corresponding to the raw imaging data, the tracking and segmentation steps, and themasked data show
that CD8+ (but not CD4+) T cells are specifically labeled with the fluorescent Fab in vivo.
See also Figure S2.
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T Cell Sensing of Antigen Measured by DISCarrest for almost all T cells, followed by a rapid decrease in
CD62L fluorescence on OT-I T cells (Figure 6A; Movie S5). Inter-
estingly, recognition of the Q4 peptide by OT-I T cells, which re-
sulted in a mixture of synapse-like and kinapse-like behavior
(Figure 2), also triggered efficient shedding of CD62L (Figure 6B;Movie S6). We analyzed CD62L shedding in synapse- or
kinapse-forming T cells by DISC and found that both modes of
antigen recognition resulted in CD62L shedding but that it was,
on average, more rapid in synapse-forming T cells (Figure 6C).
At 20 min after Q4 injection, CD62L shedding was detected inImmunity 37, 351–363, August 24, 2012 ª2012 Elsevier Inc. 355
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Figure 4. Validation and Applications of DISC
(A) Phenotypic characterization of T cells in vivo by DISC. Recipient mice were transferred with purified GFP-expressing CD8+ or CD4+ T cells, injected with CD8
Fab (or not), and subjected to DISC in the spleen. DISC profiles show the GFP and PE fluorescence in imaged T cells in the presence or absence of fluorescent
Fab. Histograms displaying the normalized PE/GFP fluorescence showing the staining specificity are shown in the fourth panel.
(B) DISC analysis showing the temporal stability of fluorescence parameters in imaged CD8+ T cells.
(C) DISC density plots (left) combining motility (speed) and phenotypic (CD8) parameters in imaged T cells in the presence of CD8 Fab. DISC histograms (right)
showing that the distribution of T cell velocity is unaffected by the presence of CD8 Fab.
(D) Two-color DISC. GFP-expressing splenocytes were transferred and imaged in the spleen of recipient mice. DISCwas performedwith PE-conjugatedCD8 Fab
and Texas red-conjugated B220 Fab. Histogram displays the distribution of instantaneous cell velocity in gated B220+ and CD8+ subsets.
(E) Gating strategy to analyze T cell motility in specific region of the imaging volume.
(F and G) Monitoring of T cell antigen recognition by instantaneous (F) or averaged (G) DISC. DISC was performed on transferred OT-I T cells in recipient mice
receiving poly(I:C) alone or poly(I:C) and N4 peptide.
Results are representative of two to three experiments. See also Figure S3.
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T Cell Sensing of Antigen Measured by DISC88% of arrested T cells and 74% of slow motile T cells. Finally,
the V4 peptide that induced mostly kinapses triggered little to
no shedding of CD62L, suggesting very low amounts of TCR
signaling (Figure 6B). We also confirmed the existence of these
distinct modes of antigen recognition by graphing instantaneous
T cell velocity and CD62L shedding for single T cells (Figures 6D
and S5E).
In these experiments, synapses and kinapses were defined on
the basis of T cell behavior. To refine our observations, we
thought to visualize putative APCs during these contacts. With
CD11c-yellow fluorescent protein (YFP) reporter mice as recipi-
ents, we found that peptide and poly(I:C) injection increased the
proportion of T cells contacting CD11c-reporter-positive cells.
The fact that YFP+ cells expressed the highest amounts of
costimulation molecules in the spleen after poly(I:C) injection356 Immunity 37, 351–363, August 24, 2012 ª2012 Elsevier Inc.may account for these preferential interactions (Figures 6E
and 6F). Upon injection of Q4 peptide, we observed arrested
T cells forming long-lasting contacts with YFP+ cells as well as
low-motile T cells establishing multiple transient contacts with
these cells and possibly with other nonvisualized APCs. CD62L
shedding was observed in both cases, further supporting the
idea that robust TCR signaling can occur during distinct modes
of interaction with APCs (Figure 6G).
Finally, as an independent mean to confirm that TCR signaling
can occur in kinapses and synapses, we analyzed calcium
signaling in vivo. Calcium signals have been imaged previously
by two-photon microscopy in thymocytes or peripheral T cells
(Bhakta et al., 2005; Wei et al., 2007). Tracking of GFP-express-
ing T cells prelabeledwith a red calcium-sensitive dye allowed us
to use DISC for quantifying calcium signals in conjunction with
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Figure 5. The Extent of CD62L Shedding on T Cells Is a Marker of TCR Signal Strength
(A) Naive OT-I T cells were incubated in vitro in the absence or in the presence of the N4 peptide. At various time points, T cells were stained with CD62LmAb and
analyzed by flow cytometry.
(B) The extent of CD62L shedding is influenced by antigen dose. CD62L sheddingwasmeasured onOT-I T cells incubatedwith increasing concentration of theN4
peptide.
(C) The extent of CD62L shedding reflects the duration of TCR stimulation. OT-I T cells were incubated with anti-CD3- and anti-CD28-coated beads for the
indicated period of time (stim) and then rested so that the total duration of the experiment is 2 hr for all conditions. CD62L shedding was measured by flow
cytometry.
(D) The extent of CD62L shedding correlates with CD69 upregulation. OT-I T cells were incubated in the presence of the indicated concentration of N4 peptide.
(E) The extent of CD62L shedding reflects c-fos induction. OT-I T cells were incubated in the presence of 107 M N4 peptide.
(F) CD62L shedding predicts T cell proliferative capacity. CFSE-labeled OT-I T cells were stimulated by anti-CD3- and anti-CD28-coated beads for 3 hr. After
bead removal, T cells were sorted based on their CD62L intensity and cultured for 3 additional days.
(G) Detection of CD62L shedding on naive OT-I T cells prelabeled with fluorescent CD62L Fab and incubated in the absence or presence of N4 peptide.
(H) Images showing the loss of surface fluorescence in GFP+ OT-I T cells prelabeled with fluorescent CD62L Fab and stimulated with the N4 peptide. Scale bar
represents 5 mm.
Data are representative of three to four experiments. See also Figure S4.
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T Cell Sensing of Antigen Measured by DISCT cell motility. Specifically, we analyzed calcium signals in
synapse- or kinapse-forming T cells by DISC in response to
the Q4 peptide. As shown in Figure 7 and Movie S7, both modes
of antigen recognition resulted in calcium signaling.
In sum, exploiting the unique ability to simultaneously track
T cell dynamics and TCR signaling, we showed that kinapses
established upon Q4 and V4 recognition were associated withstrong and weak TCR signals, respectively, whereas synapses
induced by N4 resulted in the strongest TCR stimulation.
DISCUSSION
In the present report, we took advantage of the presented DISC
technology to dissect the relationship between T cell motility,Immunity 37, 351–363, August 24, 2012 ª2012 Elsevier Inc. 357
A B
C
D
E G
F
Figure 6. TCR-pMHC Affinity Independently Controls T Cell Dynamics and Early TCR Signals In Vivo
DISC was performed in the context of intravital imaging of GFP+ OT-I T cells after administration of poly(I:C) and, after 6 hr, of the indicated peptide.
(A) DISC plots showing the speed of (left) and the CD62L intensity on (middle) OT-I T cells imaged in the spleen before and after administration of the N4 peptide.
Mean values for CD62L/GFP ratio were graphed over time (right). The red dashed line corresponds to the time of injection.
(B) Kinetics of in vivo CD62L shedding on OT-I T cells in response to the various variant peptides.
(C) TCR signaling during kinapses and synapses established by OT-I T cells in response to the intermediate affinity peptide Q4. After in vivo imaging, OT-I T cells
were grouped based on their behavior in response to Q4 peptide. Kinapse-forming T cells (corresponding to T cells with amean velocity >3 mm/min) and synapse-
forming T cells (corresponding to T cells with a mean velocity <2 mm/min) were grouped into two subsets that were independently analyzed by DISC for
instantaneous speed versus normalized CD62L intensity. T cells imaged prior to peptide injection are also shown for comparison. The percentage of events with
low normalized CD62L intensity is indicated. Plots correspond to time-lapse movies recorded 20min before peptide injection (no peptide) or 30 min after peptide
injection (Q4 synapse and kinapse). Kinetics of CD62L shedding after Q4 injection in all T cells or in synapse- versus kinapse-forming T cells (right). Note that
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T Cell Sensing of Antigen Measured by DISCTCR signaling, and pMHC affinity in vivo. We report that pMHC
affinity played a dual role during T cell activation by dictating
kinapse versus synapse formation as well as by influencing the
intensity of early TCR signaling. We showed that distinct affinity
thresholds underlie these two aspects so that kinapses could
result in either weak or robust TCR signaling whereas synapses
were associated with the strongest TCR signals.
Several parameters have been shown to influence the forma-
tion of synapses versus kinapses including antigen dose
(Bousso and Robey, 2003; Henrickson et al., 2008), adhesion
molecules (Scholer et al., 2008), T cell precursor frequency
(Garcia et al., 2007), and regulatory T cells (Tadokoro et al.,
2006; Tang et al., 2006). By using a set of altered peptide ligands
for a class II-restricted TCR, Dustin and colleagues have shown
that a T cell stop signal was provided only by TCR ligands of high
potency, i.e., ligands inducing robust T cell activation (Skokos
et al., 2007). Because the ligand potency is influenced both by
the ability of the peptide to bind to the MHC molecule and by
the TCR binding parameters, it was unclear whether TCR affinity,
MHC occupancy, or both controlled T cell dynamics. Here, we
used a set of antigenic peptides exhibiting similar ability to
bind to the MHC class I Kb molecule but displaying different
affinities for the OT-I TCR. We first analyzed T cell migration in
pMHC-coated microchannels. With this reductionist approach,
T cells could be placed in a confined environment promoting
migration in which pMHC was the only variable parameter. We
found that TCR affinity dictated the extent of T cell deceleration
during antigen recognition. Although T cells arrested in the pres-
ence of a high-affinity ligand, they maintained a motile behavior
in response to an intermediate- or low-affinity peptide. Neverthe-
less, these T cells somehow recognized the antigenic complex in
these cases as they exhibit a significantly lower velocity than
T cells responding to an irrelevant ligand. Microchannels coated
with pMHC should offer numerous possibilities to analyze
antigen recognition events in motile T cells at high resolution
including molecular redistribution and calcium signals. In vivo
imaging experiments confirmed that TCR ligand affinity dictates
T cell dynamics with synapses being formed in response to the
high-affinity ligand and kinapses being more prominent with
lower-affinity peptides. Altogether, these results indicate that
TCR affinity acts, in addition to peptide dose (Bousso and
Robey, 2003; Henrickson et al., 2008), as a critical parameter
dictating synapse versus kinapse formation.
To uncover TCR signals associated with synapse or kinapse
formation, we introduced dynamic in situ cytometry (DISC).
This methodology offers two major improvements over classicalCD62L shedding starts during the few minutes that separate the peptide injectio
T cells.
(D) Simultaneous tracking of CD62L shedding and velocity in individual T cells re
correspond to a single T cell migrating in the absence of peptide, one forming a kin
Q4 or N4 peptide. Light and dark gray areas correspond to velocities <5 mm/mi
obtained in independent experiments.
(E) CD86 intensity on YFP+ and YFP spleen cells from CD11c-YFP mice injecte
(F and G) CD11c-YFP recipients were transferred with GFP+ OT-I T cells after ad
(F) Quantification of OT-I T cells in contact with YFP+ cells. Each dot represents
(G) CD62L shedding in T cells forming stable and transient contact with CD11c-r
peptide injection and one kinapse- and one synapse-forming T cell in response
indicated time points. Numbers indicate PE/GFP ratios. Representative of two in
See also Figure S5.analysis of in vivo imaging data. First, it provides an automated
approach to link immune cell behavior, location, and phenotype
in vivo. So far, two-photon imaging of immune cells has largely
relied on vital dyes or fluorescent proteins to track cell migration
and interactions (Cahalan and Parker, 2006) but lack the sophis-
tication to address the influence of distinct cell phenotypes on
these processes. The ability to couple imaging with in vivo anti-
body (or Fab) staining of cell surface molecules and extraction of
the relevant fluorescent information from individual cells should
provide interesting possibilities to study immune responses
in vivo. Second, imaging data sets are now processed so that
they can be subjected to multiparametric analysis (similar to
flow cytometry data), offering the possibility of gating strategies
and histogram displays as well as the reliability of flow cytometry
quantification. Whereas analysis with two-photon imaging could
be complicated by the potential heterogeneity within the cells
observed, DISC provides the possibility to link specific behaviors
to distinct cellular subsets.
We exploited the DISC methodology by using CD62L shed-
ding as a readout of TCR signaling. Indeed, we extended
previous work showing that shedding of CD62L occurs in naive
T cells within minutes of TCR engagement (Azar et al., 2010;
Sinclair et al., 2008) and found that the extent of CD62L shedding
increased with the dose and duration of TCR signals received
by the T cells. We also found that CD62L shedding reflected
CD69 and c-fos induction and predicted the capacity of T cells
to proliferate extensively. We have also shown recently that
CD62L shedding stops immediately upon termination of TCR
signaling (Clark et al., 2011). As a very early marker of T cell acti-
vation, CD62L shedding is unlikely to be a marker of full T cell
activation that often requires several hours of continuous TCR
signals. However, our results demonstrate that tracking the
extent and the kinetics of CD62L shedding provides unique
and quantitative information on early TCR signals integrated by
T cells.
Simultaneous analysis of T cell motility and CD62L shedding
by DISC provided the opportunity to demonstrate that TCR-
pMHC affinity concomitantly dictates T cell motility during
antigen recognition and intensity of early TCR signaling. We
found that distinct affinity thresholds control these two events.
In particular, robust TCR signaling could be observed in
kinapse-forming T cells in response to an intermediate affinity
peptide, a finding confirmed by analyzing calcium signaling by
DISC. Based on initial in vitro experiments (Gunzer et al., 2000;
Underhill et al., 1999), it has been proposed, although never
formally demonstrated, that kinapses could lead to productiven from the beginning of the imaging and was more rapid for synapse-forming
vealed the diversity of dynamics and efficiency of antigen recognition. Graphs
apse in response to V4 or Q4 peptide and one forming a synapse in response to
n and <2 mm/min, respectively. Data are representative of two to four movies
d with poly(I:C).
ministration of poly(I:C) and Q4 peptide.
one time point. ***p < 0.0001.
eporter-positive cells. Representative two-photon images of one T cell prior to
to Q4. For each T cell analyzed, CD62L and GFP signals are shown for the
dependent experiments.
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Figure 7. DISC Analysis of Calcium Signaling in Kinapse- and Synapse-Forming T Cells
GFP+OT-I T cells were labeled with the calcium-sensitive dye X-rhod-5F and adoptively transferred in recipient mice injected with poly(I:C) 4 hr before. Two hours
later, Q4 peptide was injected and calcium signals were analyzed by DISC.
(A) Representative time-lapse images showing T cells before and after peptide injection. Scale bar represents 10 mm.
(B) DISC profile showing calcium signaling over time before and after Q4 injection.
(C) After in vivo imaging, OT-I T cells were grouped based on their behavior in response to Q4 peptide. Kinapse-forming T cells (corresponding to T cells with
a mean velocity >3 mm/min) and synapse-forming T cells (corresponding to T cells with a mean velocity <2 mm/min) were independently analyzed by DISC for
instantaneous speed versus normalized calcium signals. T cells imaged prior to peptide injection are also shown for comparison.
(D) Example of one T cell before peptide injection and one kinapse- and one synapse-forming T cell. Tracks are shown in white. Scale bar represents 5 mm.
(E) Simultaneous tracking of calcium signaling and velocity in T cells shown in (D). Light and dark gray areas correspond to velocities <5 mm/min and <2 mm/min,
respectively.
Representative of two independent experiments.
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T Cell Sensing of Antigen Measured by DISCTCR signaling in vivo (Friedman et al., 2010; Mempel et al., 2004;
Miller et al., 2004; Scholer et al., 2008). It was also unclear
whether TCR signals received during a synapse and a kinapse
were of comparable intensity. Our result provides definitive
evidence that, under certain circumstances, T cells can effi-
ciently couple motility and signal collection in vivo.360 Immunity 37, 351–363, August 24, 2012 ª2012 Elsevier Inc.Based on our results, wewould like to propose that TCR ligand
affinity plays a pivotal role in the early phases of T cell activation
in vivo by enforcing one of three possible modes of antigen
recognition: kinapses with weak TCR signals (low-affinity ligand),
kinapses with strong TCR signals (intermediate-affinity ligand),
and synapses with the strongest TCR stimulation (high-affinity
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T Cell Sensing of Antigen Measured by DISCligand). Although our work was focused on the early events of
T cell activation, pMHC affinity is likely to play additional roles
at later time points, for example, when antigen becomes limiting.
At this stage, only high-affinity ligandsmay be detected by T cells
and have the ability to sustain TCR signaling. Future studies via
DISC should provide insights into the relationship between
immune cell location, behavior, and phenotype during the
various phases of an immune response.
EXPERIMENTAL PROCEDURES
Mice
C57BL/6 mice were purchased from Charles River Laboratories (Wilmington,
MA). UBC-GFP, CD11c-YFP, Rag1/ OT-I TCR, and UBC-GFP Rag1/
OT-I TCR transgenic mice were bred in our animal facility. All mice were
housed in our animal facility under specific-pathogen-free conditions. Animal
experiments were performed in accordance to the guidelines of Institut Pas-
teur for animal care and use.
Peptides
The following OVA257-264 variant peptides were purchased from Polypeptide
Group (Strasbourg, France): wild-type N4 (SIINFEKL), Q4 (SIIQFEKL), and
V4 (SIIVFEKL). Murine TRP2180-188 (SVYEFFVWL) was used as a control
peptide.
Cell Purification and Adoptive Transfer
GFP-expressing CD4+ or CD8+ T cells were purified from UBC-GFP mice with
a CD4- or a CD8-negative isolation kit, respectively (Dynal, Invitrogen). OT-I
CD8+ T cells were obtained from the LNs of Rag1/ OT-I mice or UBC-GFP
Rag1/ OT-I mice. When indicated, OT-I CD8+ T cells were labeled with
2 mM CFSE (Invitrogen). For adoptive transfer, T cells were injected intrave-
nously (i.v.) into C57BL/6 recipient mice.
Flow Cytometry
Allophycocyanin (APC)-conjugated H-2Kb mAb (clone AF6-88.5.5.3),
R-Phycoerythrin (PE)-conjugated Kb-SIINFEKL mAb (clone 25-D1.16), APC-
conjugated CD69mAb (clone H1.2F3), eFluor450-conjugated CD3mAb (clone
17A2), and FITC-conjugated rabbit (Fab’)2 were purchased from eBioscience
(San Diego, CA). APC-conjugated CD25 mAb (clone PC61.5), Alexa 647-
conjugated IFN-g mAb (clone XMG 1.2), and Pacific Blue-conjugated CD69
mAb (clone H1.2F3) were purchased from BioLegend (San Diego, CA). Poly-
clonal c-fos Ab was purchased from Cell Signaling Technology. Antibody
stainings were performed for 20 min on ice before washing and analysis on
a FACS Canto II (BD Biosciences, Le Pont de Claix, France). Intracellular stain-
ing were performed with the Cytofix/Cytoperm kit (BD Biosciences) after a 4 hr
restimulation with N4 peptide. Cell sorting was performed on a FACSAria II
(BD Biosciences). Data were analyzed with the FlowJo software (version 9.1,
Tree Star).
Preparation of Fluorescent Fab Fragments
Fluorescent Fab fragments were generated with the Pierce Fab preparation kit
(Thermo Fischer Scientific, Saint-Herblain, France), according to the manufac-
turer’s instructions. PE-conjugated Fab fragments were prepared from the
following conjugated antibodies (eBioscience): B220 mAb (clone RA3-6B2),
CD8 mAb (clone 53.6.7), and CD62L mAb (clone MEL-14). Nonfluorescently
labeled Fab fragments were removed with a 100 kDa ultracentrifugation
membrane. Texas red-conjugated CD8 and B220 Fab fragments were ob-
tained from FG-purified CD8 (eBioscience, clone 56.6.7) and leaf-purified
B220 (Biolegend, clone RA3-6B2) mAbs labeled with the EasyLink Texas red
conjugation kit (Abcam, Paris, France).
MHC Class I Stabilization Assay
RMA-S cells were incubated overnight at 28C and then loaded with graded
concentrations of N4, Q4, or V4 peptides for 1 hr at 28C. Cells were then incu-
bated for 3 hr at 37C to destabilize empty MHC I molecules. After washing,cells were stained for H-2Kb expression, fixed with 2% paraformaldehyde
(PFA), and analyzed by flow cytometry.
Tetramer Binding and Dissociation Assays
Biotinylated MHC class I monomers were produced as previously described
(Bousso et al., 1998). Fluorescent MHC tetramers were prepared with PE- or
APC-conjugated UltraAvidin (Leinco Technologies, St. Louis, MO). For
tetramer binding assays, splenocytes from Rag1/ OT-I mice were stained
with a CD3 antibody and graded concentrations of Kb-N4, Kb-Q4, or Kb-V4
tetramers for 1 hr at 4C. Cells were then washed twice, fixed with 2% PFA,
and analyzed by flow cytometry. Tetramer dissociation assays were per-
formed as previously described (Wang and Altman, 2003). In brief, OT-I
T cells were stained with a saturating concentration of Kb-N4, Kb-Q4, or
Kb-V4 tetramers, washed three times with ice-cold FACS buffer, and incu-
bated at room temperature (20C) in the presence of 50 mg/ml of unlabeled
Kb-OVA antibody (eBioscience, clone 25-D1.16) to prevent tetramer rebinding.
At each indicated time point, cell aliquots were removed and fixed in 2% PFA.
Samples were analyzed by flow cytometry.
In Vivo T Cell Activation Assay
Recipient C57BL/6 mice were injected intraperitoneally (i.p.) with 100 mg
poly(I:C). After 4 hr, 106 CFSE-labeled OT-I CD8+ T cells were adoptively trans-
ferred by intravenous (i.v.) injection. Recipients were then injected i.v. with
50 mg of N4, Q4, V4 peptide 2 hr later (or PBS as a control). Mice were sacri-
ficed at day 1, 2, or 3 and splenocytes were analyzed by flow cytometry.
T Cell Migration Assay in Microchannels
Microchannel (6 mm wide) devices were fabricated as previously described
(Faure-Andre´ et al., 2008), coated with a solution of pMHC at 10 mg/ml for
1 hr at room temperature, washed in PBS, and filled with culture medium.
GFP+ OT-I CD8+ T cells were preactivated in vitro for 72 hr with beads coated
with CD3 and CD28 mAbs in the presence of IL-2. T cells (63 104) were resus-
pended in 10 ml and deposed in each entry port of the device. After 30 min,
phase contrast and fluorescence images were recorded every 4min at various
positions in the chambers for a total duration of 10–12 hr, by an automated
microscope (Zeiss Z1 observer, with a Applied Scientific Instrumentation
motorized stage and an HQ2 Roper camera) equipped with an environmental
chamber for temperature, humidity, and CO2 (PECON). T cells remained alive
and motile during the entire period of recording. Cell tracking was performed
with the Imaris software (Bitplane). Constrained cells were defined by
a straightness value strictly inferior to 1, i.e., changing direction at least once.
CD62L Shedding Assays
For in vitro experiments, OT-I CD8+ T cells were incubated at 37C in culture
medium containing N4, Q4, or V4 peptide (at indicated concentrations) or
anti-CD3- and anti-CD28-coated beads (Dynal, Invitrogen). Aliquots were
removed at different time points and stained with CD62L mAb for FACS anal-
ysis. When indicated, OT-I CD8+ T cells were prestained with CD62L mAb or
Fab fragments and then incubated at 37C in culture medium containing N4
peptide at 107 M. Aliquots were removed at different time points for analysis
by flow cytometry or two-photon microscopy. For in vivo imaging of CD62L
shedding, recipient C57BL/6mice were injected i.p. with 100 mg poly(I:C). After
4 hr, 33 106 GFP+ OT-I CD8+ T cells were adoptively transferred by i.v. injec-
tion. Two hours later, recipients were injected i.v. with PE-conjugated CD62L
mAb or Fab fragments and prepared for intravital spleen imaging. Time-lapse
movies (30 min long) were acquired before peptide injection. Recipients were
then injected i.v. with 50 mg of N4, Q4, or V4 peptides and imaged for 1 hr.
Imaging data sets were then subjected to DISC analyses.
Intravital Two-Photon Imaging
Imaging was performed 2 to 4 hr after T cell adoptive transfer. Recipient mice
were anesthetized and prepared for intravital imaging. In brief, the spleen was
surgically exposed and placed on a custom-heated stage preserving blood
irrigation. A coverslip, onto which is glued a heated metal ring, was placed
on top of the spleen, and the ring was filled with water to immerge a 203/
0.95 NA dipping objective (Olympus; Tokyo). When indicated, fluorescent
Fab fragments or antigenic peptide (50 mg) were injected i.v. For calcium
imaging, T cells were labeled with 5 mM X-rhod-5F (Invitrogen). Two-photonImmunity 37, 351–363, August 24, 2012 ª2012 Elsevier Inc. 361
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T Cell Sensing of Antigen Measured by DISCimaging was performed with a DM 6000B upright microscope equipped with
a SP5 confocal head (Leica Microsystems, Wetzlar, Germany). Excitation
was provided by a Chameleon Ultra Ti:Sapphire laser (Coherent, Santa Clara,
CA) tuned at 1030 nm. Emitted fluorescence was split with 560 (Chroma tech-
nology), 495, and 593 nm dichroicmirrors and passed through 513/20, 585/40,
or 624/40 bandpass filters (Semrock, Bethesda, MD) to nondescanned detec-
tors (Leica Microsystems). For imaging, areas of the spleen showing clear
evidence of T cell accumulation were selected. Typically, images from 5–8 z
planes spaced 5 mm apart were collected every 30 s for up to 2 hr.
DISC Analysis
DISC analyses were performed with 4D imaging data sets corresponding to
GFP-expressing T cells (or splenocytes) in the spleen of recipient mice injected
with fluorescent Fab fragments. Segmentation and 3D cell tracking of GFP-ex-
pressing cells were performed with the Imaris software. The GFP, PE, Texas
red, and X-rhod-5F fluorescence intensities contained in the GFP+ segmented
volume were recorded for each cell and each time point. DISC analysis was
performed with either instantaneous values or values averaged over each
cell track. For instantaneous analyses, one event corresponds to one cell at
a given time point. An output Excel file was generated containing for each
event some of the following parameters: time, x, y, z, sphericity, instantaneous
velocity, GFP, PE, and Texas red fluorescence intensities. For averaged anal-
yses, one event corresponds to one cell track. The output file comprised for
each event some of the following parameters: mean velocity, track straight-
ness, mean GFP, mean PE, and mean Texas red fluorescence intensities
(averaged over the track). Data were then converted to an FCS file with the
customed designed DISCit software. Multiparametric analyses were then per-
formed with the FlowJo software (version 9.1, Tree Star) and analyzed exactly
as a flow cytometry data set. PE, Texas red, or X-rhod-5F fluorescences were
normalized to the GFP fluorescence to minimize fluctuations resulting from
changes in cell depth.
Statistical Analyses
Statistical analyses were performed with an ANOVA test followed by a Tukey
test. ***p < 0.0001, **p < 0.005, *p < 0.05.
SUPPLEMENTAL INFORMATION
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